In one of 30 transgenic tobacco (Nicotiana tabacum) plants, the expression of an introduced ,B-glucuronidase (GUS) gene driven by the cauliflower mosaic virus 35S promoter, was found to be repressed as the plant matured, whereas the endogenous GUS activity was unaffected. Plants grown from seeds or regenerated from leaf discs derived from this plant showed a similar temporal pattern of expression. Suspension-cultured cells established from nonexpressing leaves did not express the introduced gene. In these cells, the silent gene could be reactivated by treatment for 5 or 10 days with 5-azacytidine. Overall, demethylation of the genome preceded recovery of the enzyme activity. The increase in the fraction of reactivated cells progressed in two phases. Up to 8 weeks after starting the 5-azacytidine treatment, approximately 2 to 4% of the cells were expressing GUS, followed by a dramatic increase of GUS-expressing cells. Thirteen weeks after starting the 5-azacytidine treatment, the fraction of GUS-expressing cells amounted to 80%. At this time, the original overall level of DNA methylation was reestablished. The degree of DNA demethylation, as well as the magnitude of reactivation, was dependent on the duration of the 5-azacytidine treatment. These results demonstrate that DNA methylation appears to be involved in the regulation of the introduced GUS gene and that this development-dependent pattern of expression can be inherited.
Among different transformants, a variation in the expression of introduced genes has often been detected (2, 25) . Such intertransformant variability has been explained by "positional effects" or a variety of epigenetic and genetic causes (11, 18) , such as DNA methylation.
Methylation of cytosine residues in DNA is involved in the regulation of gene expression, and an inverse correlation between the transcriptional activity of certain genes and the level of methylation of these genes has been found (1, 5, 23) . Tissue-specific patterns of methylation have been observed in gene sequences that encode tissue-specific functions (5, 8, 23) .
DNA methylation is a postreplicative process (4, 23) , suggested to consist of two types of DNA methyltransferase activity: maintenance methylation and de novo methylation (8) . Maintenance methylation occurs after replication and restores the methylation pattern, using the parental DNA strand as a template for the methylation of the daughter strand. De novo methylation involves methylation of previously unmethylated CpG and CpXpG sequences, thereby introducing novel DNA methylation patterns.
In several studies, the DNA methylation inhibitor, azaC', has been used to alter gene expression (15) . Klass et al. (16) reported a positive correlation between the decrease in the 5-methyldeoxycytidine content and the level of expression of an introduced isopentenyl transferase gene induced by 5-azacytosine derivatives.
azaC is a cytidine analog, which, when incorporated into DNA, inhibits DNA methyltransferase activity (6, 24) . Apparently, azaC is able to activate genes in a selective manner rather than causing a global increase in gene expression, even though it is thought to act as a nonspecific DNA-demethylating agent (15) . Here, we report the azaC-induced reactivation of a silent, introduced GUS gene. Because azaC is a specific inhibitor of DNA methylation, the demonstration of the azaC-induced reactivation of the gene indicates that DNA methylation should be involved in repression of the gene in cells grown in suspension and in the leaves from which these cells are derived. Cultures were supplemented with 5 ,uM azaC every day for either 5 ("aza-5") or 10 ("aza-10") consecutive days, starting on day 0, the day of subcultivation. azaC solutions were prepared immediately before use.
MATERIALS AND METHODS

DNA Methylation Analysis
DNA was isolated using phenol/chloroform extraction (3). DNA was further purified, and the level of DNA methylation was determined by enzymic hydrolysis and HPLC analysis as previously described (20) . Assays were performed on days 2, 5, and 7 for four passages and on day 7, i.e. the day of subcultivation, for eight more passages. The level of DNA methylation (percentage of 5-methyldeoxycytidine) was calculated as 5 -methyldeoxycytidine x 100% 5-methyldeoxycytidine + deoxycytidine
Histochemical GUS Assay
For the determination of the number of GUS-expressing cells, histochemical GUS assays were performed according to the procedure described by Jefferson (14) with some modifications. The testing solution contained 1 mg/mL X-gluc (cyclohexyl-ammonium salt, Sigma) in a 0.1 M sodium phosphate buffer (pH 5 or 7), 10 mM Na2EDTA, 0.5 mM K3Fe(CN)6, 0.5 mmY K4Fe(CN)6, and 3% (w/v) sorbitol. Assays were performed on days 2, 5, and 7 for four passages and on day 7, i.e. the day of subcultivation, for eight passages. Three samples, 5 mL of suspension each, were taken from each culture. The samples were filtered for 5 min on a 100-,um mesh, and 0.1 g of cells was incubated with 400 ,L of testing solution for 16 h at 37°C. The stained cells were counted under the microscope.
To exclude the possibility that azaC had a direct effect on the GUS enzyme activity, the effect of 50 ,M azaC was tested in X-gluc assay, using a transgenic GUS-expressing suspension culture. No effect of azaC was observed.
Spectrophotometric GUS Assay
To quantify the overall level of GUS activity, the spectrophotometric assay using PNPG as described by Jefferson (14) was used. Two samples were taken from each culture. Cells were lysed by a French Press at 68 atm and incubated for 1 h with PNPG, and the amount of p-nitro-phenol liberated was monitored on a spectrophotometer. Values were adjusted for the content of protein using the Bio-Rad protein assay (BioRad, Richmond, CA).
RESULTS
GUS Activity in Different Structures and Tissues of Mature Primary Transgenic Plants
The intensity of the GUS reaction in the mesophyll, trichomes, stomata, and vascular bundles was examined in young leaves from three mature primary transgenic plants (RI), using X-gluc as substrate (Table I) . Except for the trichomes, the intensity varied among the tested plants. NPTII gene is expressed. Establishment of a suspension culture from a plant showing continuous expression of the GUS gene resulted in a culture resistant to kanamycin and expressing the GUS gene.
Effect of azaC on Growth
The establishment of primary cultures in the presence of azaC is shown in Figure 1 . As is often found, growth rates fluctuated considerably until a stable production rate was established. In the first period (days 0-56), the cultures increased an average 78% during a week. In the second period (days 63-91), growth gradually increased irrespective of the azaC treatment, and finally the cultures increased by approximately 200% per week.
Effect of azaC on the Level of DNA Methylation Demethylation of the DNA in the suspension cells was observed already at day 3 after treatment with azaC (Fig. 2) . In both cultures, the level of DNA methylation decreased from 31 to 21% during the first week. This was the minimum value for culture aza-5. For culture aza-10, which was treated with azaC for 5 additional days, the level of DNA methylation decreased further until day 16, when a minimum value of 18% was obtained. This corresponds to a 43% reduction of the original level of methylation.
After subcultivation to a medium without azaC, a net DNA remethylation was observed in both cultures. Approximately 9 weeks after the azaC treatment, the overall level of DNA methylation was restored in both cultures to the level found in the control culture (Fig. 2) .
Effect of azaC on the Expression of GUS Activity
The effect of azaC on expression of GUS activity was detectable 16 d after the first addition of azaC, irrespective of the duration of the treatment (Fig. 3) . Also, the number of expressing cells was of the same magnitude at this point. The fraction of GUS-expressing cells increased during the following 5 d in culture aza-10 from 1% to a maximum of 4%, whereas culture aza-5 remained at an almost constant level of 1% GUS-expressing cells. A decrease in the number of GUS-positive cells was observed from day 21 to day 26 in both cultures, followed by stabilization at approximately 2% (Fig. 3) . Eight weeks after the first addition of azaC, an increase in the fraction of reactivated cells was detected in both cultures (Fig. 4) , and 13 weeks after the azaC treatment was started, the fraction of GUS-positive cells was 50 and 80% in aza-5 and aza-10, respectively.
Comparison of Histochemical and Spectrophotometric Assays
In the PNPG assay performed at day 91 (aza-5, aza-10) and day 98 (aza-0), the untreated culture showed detectable GUS activity (Table II) . The relative value was 10 times higher than that obtained in the X-gluc assay. In nontransgenic suspension cells, no GUS activity was detected in either the PNPG assay or the X-gluc assay (data not shown). In the treated cultures, the relative values were almost identical in the two assays.
DISCUSSION
Among several transformed tobacco plants, one was found that showed transient expression ofthe introduced GUS gene. This plant lost GUS activity gradually as it matured in contrast to the other transformed plants tested (Table I) . Examination of the GUS activity in three generations (R1, R2, and Rl Sl) at two developmental stages (shoot/seedling and mature) showed that the process of inactivation was reversible. This indicates that the introduced GUS gene is intact and that the temporal pattern of expression of the gene can be transmitted both through meiosis and through a regeneration process. Establishment of a suspension culture from callus induced from nonexpressing leaves, which must imply dedifferentiation/differentiation, did not affect the expression of the GUS gene.
It is interesting that the kanamycin resistance is not lost, which indicates that the NPTII gene is not repressed. Apparently, selective repression of only one of the cointroduced genes by a DNA methylation-dependent mechanism is possible.
The results of the spectrophotometric assay (Table II) , in which the total effects of low enzyme activities will be detected, may indicate that all or nearly all cells expressed the GUS gene at a low level before azaC treatment and that the expression is enhanced rather than turned on. Alternatively, the GUS activity per cell in the cells active before the treatment is much greater than the activity per cell in azaCreactivated cells.
Treatment with azaC showed both short-and long-term effects. An early decrease in the level of DNA methylation was followed by a reactivation of the GUS gene in a small fraction of cells (Figs. 2 and 3 ). Later, a high fraction of reactivated cells was observed (Fig. 4) .
The primary phase of reactivation could be detected as enzyme activity 2 weeks after starting the azaC treatment and proceeded synchronously in the two cultures (Fig. 3) . The fraction of reactivated cells in culture aza-1O increased during the following 5 d, corresponding to the duration of the pro- A decrease in the level of DNA methylation of 31 to 21% leads to about % reactivated cells (aza-5). A further reduction in the level of DNA methylation to 18.5% results in more than a doubling of the fraction of reactivated cells (aza-1O) (Figs. 2 and 3) . Probably, demethylation in both strands of DNA is necessary for the transcription of the gene, at least in the case of permanent activation. If the DNA is only hemimethylated, there will be a template for the maintenance of the methylation process, and methylation can occur when the influence of azaC is abolished. Demethylation in both strands of DNA in a locus will require a cell to pass through two cell cycles without DNA methylation. The probability for this event will be increased with prolonged azaC treatment. If the GUS gene can be transcribed in the hemimethylated state, as gene. Therefore, the fraction of GUS-expressing cells will stabilize at different levels in the two cultures. However, this does not explain why the GUS gene continued to be expressed as the level of DNA methylation was normalized. Klass et al. (16) suggested that introduced foreign genes do not contain the information necessary to remethylate artificially demethylated sequences. This can explain why the GUS gene remains active when the level of DNA methylation is normalized and, also, how the fraction of GUS-expressing cells is increased dramatically several weeks after the causative treatment.
In summary, the presented data strongly indicate that (a) DNA methylation is involved in the unusual expression of the introduced GUS gene, (b) the limited expression of the introduced gene can be inherited unchanged during meiosis and regeneration, (c) the expression of the GUS gene in cells cultured in suspension is the same as in the original leaf tissue, (d) azaC-induced demethylation results in reexpression of the gene, (e) the reactivated gene is maintained in an activated state during a great number of cell divisions, and (f) normalization of the level of DNA methylation does not necessarily affect the activity of specific reactivated introduced genes. In agreement with others, we conclude that when azaC is no longer added to the culture the level of DNA methylation is gradually normalized without restoration of the original gene activity (16, 21) .
Because the activation of the GUS gene is induced by a specific inhibitor of DNA methylation, these results indicate that DNA methylation is involved in repression of the gene in the cells grown in suspension and in the leaves from which these cells were derived. Therefore, we conclude that DNA methylation is involved in maintenance ofthe unusual expression pattern of the cauliflower mosaic virus 35S GUS gene.
